
RESEARCH MEMORANDUM 

PRELIMINARY EXPERIMENTS ON THE ELASTIC COMPRESSIVE 

' BUCKLING OF PLATES WITH INTEGRAL 

WAFFLE-LIKE STIFFENING 

By Norris F. Dow and William A. Hickman 

Langley Aeronautical Laboratory 

. .  



. . . - - . . . . . . . . . . . . - . . "_ . . . " .  . 
- . ,  

c 

1u NACA RM ~ 5 2 ~ 0 5  

NATIONAL A D V L S O ~  CWITTEE FOR AERONAUTICS 
... 

WAFFIX-Lm S T I F F E N I N G  

By  Norris F. Dow and William A. Hickman 

An experimental  investigation xas made  of  the  elastic  ccmpressive 
buckling  strength  of  plates  having  various  configurations of integral 
stiffening.  Configurations  tested  included  ribbing  that was longi- 
tudinal,  transverse,  longitudinal  and tksverse, and skewed  at  various 
angles  to  .the  sides  of the-plates to  form a diamond  or  waffle-like 

of all-those considered,  giving a buckling load neariy double  that  for 
P pattern.  The 45O waffle  stiffening was found to-be the  most  effective 

I the same waffle pattern  with  the  ribbing  longitudinal  and  transverse. 

WTRODUCT,ION 

The. great  merit  of  integral  stiffening,  both from the  standpoint  of 
reducing  costs of airframe  construction arid from the  standpoint  of 
increasing  structural  efficiency; has been  pointed  out  by  several  authors 
(refs. 1, 2, and 3 ) .  The.  most  common  form  considered  for  the  stiffening 
has been longitudinal  or tmsverse ribbing  extruded (ref. 4), rolled 
(ref. 5 ) ,  or  milled  (ref. 6), integrally  with  the  skin. 

The  advent  of  the  large  forging press (ref. 7) makes  possible  the 
prduction of  integrally  stiffened  sheet  haying  stiffening  configu- 
rations-more complicated  than simple longitudinal  or  transverse  ribbing. 
The disadvantage of-simple longitudinal or transverse  ribbing is that it 
provides high bending  stiffness  in only the  longitudinal  or  the  trans- 
verse  direction. Inasmuch as  the  buckling  etrength of a plate  depends 
upon both  1ongitudinal.and  transverse  bending  s€iffnesses,  and  also 
upon  the  twfs-ting  stiffness, a more  effective  stiffening  arrangement 
would  appear.to be one which would  raise all three  stiffnesses  simul- 

strengths  of-plates  having several-arrangebnts of integral.  stiffening 
1. 

* taneously. In the present.study-the elastic.  compressible  buckling . 
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were studied  experimentally.  The-stiff&ning  arrangements  considered 
included  longitudinal ribbSpg, transverse  ribbing, and two-way waffle- 
l ike   r ibb ing   - -both   longihdhal ly  a* transversely, and skewed at" 
various  angles. t o  the sides of the   p la tes   to  form 8 diamond pattern 
(see fig-. 1). Skewing the st i f fening from the longitudinal  directian 
tends t rmise  the transverse bendimg stiB3esS"~W the  twisting stiff- 
ness. Skewed integral   s t i f fening of this  type has been named 
"isogonigral" . (isogopic  plus  integral)  stiffening. 
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SYMBOLS 
. . .  

H -  over-all.  height-of  stiffening plus akin, in. 
tS  thickness o f .  skin,  in. 

z thickness of sol id   plate  of sa& weight as stiffened  plate,  in. 
. - .  . .. 

W width o m l a t e ,  in. 
(Tc r c r i t i c a l  stress,. k s i  

-1 " 
. "  

The integral ly  stiffened plates used i n  this   invest igat ion were 
made  up as sand castings  of 355 aluminum~alloy,  heat treated, and aged 
to the ~ 6 1  condition:- The castings were machined d m  t o  the desired 
thicknesses and riveted  together  into square tube test sgecimens using 
1/16 x 1/2 x 1/2-.inch  corner  angles of 24s-T4 aluminum al loy and 
3/32 inch  diameter A17S-T4 aldnum-alloy  universal  head r i v e t s   a t  
approximately  1/2--inch  pitch. E i g h t  configurations  of in-1 stiff- 
ening and two specimens of?each  configuration w e r e  k e d  (see  fig. l), 
namely longitudinal  ribbing, two-way ribbing at 15O, 30°, &5O, 60°, 
and 75 b t o  the longitudinal axis. of the spe-cimen, transverse  ribbing, 
and longitudinal abd transverse I-fbbing. The proportions of the  ribbing 
were chosen after consultations with several  manufacturers of press 
forgings t o  be i n  the range that m i g h t  be manufacturea by current 
forging  practice. On a l l  specimens the nominal r ib  cross-sectipnal 
dimensions were the s-ame (see fig.  2) and. the r i b  spacing (1/2 inch on 
the  longitudinally  or  transversely  stiffened plates, 1 inch on a l l  
others) -8 such as t o  keep the ribbing  material  approximately  equal in 
weight t o  sheet 0.030 inch thick. Also on all specimens, except i n   t h e  
f ina l   se r ies  of  tests i n  which the  skin  thickness was varied,  the nominal 
skin  thickness tE-" w8s 0.050 inch. 
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- The square  tube test specimens were designed t o  buckle i n  corn- 
pression a t  l q  stresses i n  order  not t o  exceed the   e las t ic  range  of 
the  cast  material. The tubes were approximstely 10 Fnches wide by 
45 inches  long.  Square  tubes of constant wall thickness  having the 
same mater-1 and weight as t h e   t e s t  specimens would buckle (as long 
simply  supported flat plates,  see ref. 8) in   t he  stress range f r o m  
3.8 k s i   t o  5.0 ksi;  the  variation  being due to  the  differences i n  widths 
and thicknesses of the various  configurations. This stress range was 
believed low enough t o  insure that the  proportional limit would not be 
exceeded  even i f  the  stiffening  raised  the  buckling  stress  very  appreci- 
ably.  Actually,  because  the  buckling loads achieved by some of the 
in t eg ra l ly   s t i f f ened   speckns  were somewhat higher  than  anticipated, 
the  proportional limit was exceeded Fn sane cases. Inasmuch as the 
maximum corner  strain measured f o r  any specimen a t  buckling was only 
0.002,- however, reference to   the  s t ress-s t ra in   curve of figure 3 reveals 
tha t  the plast ic   act ion a t  most was very small. 

i 

The specimens were campressed flat ended i n  the 1,200,000 pound 
tes t ing  machine in the Langley structures  research  laboratory. Buckling 
was detected by "buckle-bars"  .resting  against  the sidea of the  tubes  to  
detect  lateral deflections as was done i n  reference 9, and the  buckling 

deflection  against load plotted  autographically from the  buckle-bars. 
A well  defined  buckling load was obtained in this manner f o r  a l l  except 

l ike   s t i f fen ing  and a nominal skin thickness of  0.075 inch. The longi- 
tudinally  stiffened  specinens bowed s l igh t ly  as soon as load was applied; 
the top-of-the-knee was here  accordingly  rather  vaguely  defined and  an , 

er ror  i n  the  determination of  the average  buckling load for  these  speci- 
mens of as  much as 20 percent of the load f a  believed  possible. The 
buckling of both of the specimens  with.45O stfffening and 0.075 inch 
skin was accompanied by f a i l u r e s   i n  the r ive ts  with which the  tubes were 
assembled; the  buckling-load  for a t  least one of these two specimens was 
undoubtedly  caused t o  be too low awing t o  inadequate  riveting,  although 
nd evidence of inadequate  riveting was observed on any  of the  other 
specimens. The e r ro r s   i n  the buckling loads f o r  a l l  the other specimens 
are believed t o  be less  than 10 percent of the  average  of  the test  values 
f o r  the two specimens of  each  configuration. 

L load was determined as the "top-of-the-knee"  of the curve  of  plate 

I the longitudinally  stiffened specimens and the  specimens with 45O waffle- 

RESULTS 

Three series of test results  are  presented  in  table 1 and figures 4, 
5, and 6. In the first ser iea ,   the   re la t ive m e r i t s  of  longitudinal, 

the  second skewed s t i f fening and in  the th i rd  a var ia t ion in skin thick- 
* transverse, and longitudinal and transverse  ribbing are considered; i n  

* 
-ness are investigated. 
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Longitudinal,  tfanaverse, and -lori&itudi&l ahd transverse  ribbing. - 
The bucklinglload for..the longitudinally stlffened plates  composing the 
f o u r  side=- -of the square  tube t e s t  specimen was found t o  average only 
17 percent  higher - (see .  fig. - 4),  tEan that calculated Tor four  simply 
supported fla 'cplates.  of. equal  size and w-eibt. - 'me buckling 1oad.k. for'. 
the  tl-ansversely  stiffened  plates  averaged .less ' than  that- fo r  unstiff- 
ened plates  ,of equal w e i g h t .  I n  the  case of both  longitudinal and 
t ran~verse   s t i f fen ing .  (with only half as--  longitudinal and half as- 
many transverse  ribs as the  plates  with one way stiff'elLing s o  tha t - the  
weight of st iffening wss the same) the  buckling l@s averaged  appreci- 
ably -higher, reaching . .  184 percent  of the buckling load of equal  weight 
f la t   p la tes .  

Skewed (isogonigral)  stiffenin&.- The buckling loads fo r  the-speci- 
mens with skewed stiffening  increased  with  the  angle  of skew tu a maxi- 
mum at an angle of 4 5 O  (see fig.  5 ) .  The buckling loads f o r  the places 
with 45O waffle-like  stiffening  averaged 309 percent o:f. t ha t   o fequa i  . 

weight unstiffened f la t  plates. 

45O wiffle-like (isogonig&l) st iffening on skin of  various  thick- 
nesses.- The ratio of .buckling  loads.  for specimens wlth 45O waffle-like 
s t i f f en ing   t o  t.hose f o r  equal  weight  Bolid plates ' incressed as the skin 
thickness decrease&-. -The maximum r a t i o  of rib  height (H - ts) t o .  skin 
thickness  investigated was approxtmately 3 and a t  th i s   r a t io   t he  buck- 
l ing  loads  .averaged 432 percent  of that for  equal .weight unstfffened 
flat plates (see  fig. 6 ) .  

. . .  

DISCUSSION 

For providing  resistance  to  the compress-ive buckling  of a long,, 
s i q l y  supported' f l a t  -plate in t h e   e k b t i c  range, the 4 5 O  waffle-like 
s t i f fening was by far. the most effective of all the corkiguratlons 
investigated..  Buckling  loads of mor& than  three times those-oeuns t i f f -  
ened plates.  of  equal  weight were attained at this angular  orientation . 
with the relat ively shallow ribbing used.. One way ribbing of the same 
cross  section,  either  longitudinally  or  €ransversely, was l i t t l e  or  no 
better  than no stiffening a t  a l l .  A plate-with'equivlent two-way 
stiffening,  (longitudinal and transverse) while more effective  than one 
with s t i f fening only longitudinally o r  transversely, a t i l l  buckled a t  
littlcsuore  tlian.one-half  the load that it would have achieved with i t s  
ribbing skewed at 45' to  the  longitudinal and transverse  axes. 

While these-.resi.iLts sh-& the"45O angle t o  be the optimum fo r  a long 
. .  

p la t e   i n  cogpression in the   e las t ic  stress range, the optimum angle can 
be expected t o  vary Barnewhat for   plgtes  of' o ther .aspect   ra t ios  o r  
subjected to  other  loading  conditions., For short plates (which buckle - 
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l i ke  columns) the optimum angle may be less  than 45'; rkducing  the  angle 
-below 45' e i se s  the  longitudinal bending $t i f fhe is  and  hence the column 
strength. For jnarrow plates (which buckle w e l l  up in   the   p las t ic  range 
in  compression),  again  the optimum  may be less  than 45'; here  reducing 
the  angle  allows  the  ribbing  to  pick up more of the  load and hence t o  . 
delay'the  onset of plast tc   act ion in  the  sheet. For long plates  in 
shear In t he   e l a s t i c   s t r e s s  range, reference 10 suggests  that  the 
optimum  may be produced by a ribbing  pattern which forms  a squafe grid 
l ike   the  4 5 O  ribbing  but'has the axes of pr incipal   s t i f fness  skewed at 
s l igh t ly  more or   s l ight ly   less   than 4 5 O  depending upon the  direction of 
shear.  For  shear in   the   'p las t ic  range, oq the  other hand, the 4 5 O  angle 
(which all-  the  ribbing to pick up the  load  directly)  appears  ideally 
suited.. Evidently 45' i s  not far from the optimum f o r  a wide range of  
applications - e l a s t i c  compression, e l a s t i c   o r   p l a s t i c  shear; o r  combined 
compression  and shear in either t h e   e l a s t i c   o r p l a s t i c  range. 

The proportions of the stiffening, chosen t o  conform to  present  
forging  practice, which were used  throughout this  investigation, were 
known t o  be f a r  from the optimum from the  standpoint of s t ructural  
efficiency. As indicated by the  third  ser ies  of tes t s ,  in wbich the 
waffle  stiffening was shown to,  become more e f f ic ien t   re la t ive  t o  equal 
weight solid  sheet as the r a t i o  of r i b  height t o  skin  thickness  increased, 
a deeper  ribbing  should be more effective  for  resist ing  buckling  than that 
wed f o r  the  ma3ority of the present tests. Just  how effective  integral  
st iffening.of.any  type can be depends upon the  proportions which can be 
produced. 

The proportions of integml  ribbing  which-can be forged  success-- 
f u l l y  depend a t   l e a s t  to some extent upon the final skin  thickness t o  be 
achieved.  between the  ribs. The forging of ribbing of the  proportions 
used in this investigation,  for example, would be easie'r on very  thick 
skin than on very thin skin;  the minimum skin thickness on which such 
ribbing can be forged  can only be determined by t r i a l .  If thinner skins 
are  required than. forging will permit, ,however, o r  i f  a taper ' in   thick-  
ness i s  desired, machining can be resorted t o  even as it i s  at present 
in many cases f o r  the  production of tapered  solid  sheet. 

The forging of sheets of any appreciable  size with integral  waffle- 
l ike   s t i f fen ing  would require  the  largest  forging  presses  available. 
Quantity  production of 6uch waffle-stiffened  sheet by rolling, however, 
should  not  require such extravagant equipment. .. Attempts t o  r o l l  such 
sheet a t  the Langley  Laboratory  using 24s aluminum al loy and rather crude 
equipment improvised from a p la te  bending r o l l  have  revealed no part icular  
d i f f icu l t ies .  The ro l l ing  of ribbing, a t   l e a s t  t o  the  proportions of the 
pre.sent investigation,  using a smooth c y l h d r i c a l  r o l l  and a f lat  d i e   i n '  
which the ribbing  pattern i s  cut,  appears  relatively  straightforward. 

. _  
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CONCLUDING REMARKS 
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The u l t ima te  value of integral   waffle-l ike  st iffening will degend 
upon how well it stands up-at high stresses and how readfly it lends 
i t se l f . to   fabr ica t ion .  The prel-ry result.! reported herein indfcate 
that  waffle-like  stiffening,  particularly s t o r  about the 459 ande ,  is 
of sufficient structural i n t e r e s t   t o  merit f'urther study of the  plast ic  
budding and fabrication  aspects. - 

Langley Aeronautical Laboratory - 

Natfonal Advisory Committee for  Aeronautics 
Langley Field, Va. 
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Figure 2.- 'Cross section of ribbing used on all t e s t  specimens. 
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Figure 3.- Compressive stress-strain curve for the 355-T61 aluminum- 
al loy used fo r  test specimens. 
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Figure 4. - Ratio of buckling  loads measured fo r  longitudinally, 
transversely, and longitudinally and transversely  st iffened 
t e s t  specimens to calculated buckling loads f o r  f l a t  plates.  
of equal  weight. 
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Figure 6.- Variation w i t h  changing skin thickness in r a t i o  of measured 
buckling load to .calculated buckling load for f la t  plate of equal 
weight for test specima. having 45O ribbing. 
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